Abstract-Using electron probe and ion probe techniques, experimental crystal-liquid partition coefficients (D) have been measured in meteoritic Ca,Al-rich inclusion (CAI) compositions for Mg, Zr, Y, and REEs in anorthite and perovskite. Partitioning data for Ti in anorthite and Al in perovskite are also reported. Where cross-comparisons are possible between electron and ion probe data, agreement is good. Concentration variations in anorthite for many elements are beyond what can be explained by fractional crystallization, but show well-defined interelement correlations which could reflect the temperature dependence of the D values or could result from liquid boundary layers. For anorthite our D values for REEs are lower, and they decrease more rapidly with decreasing ionic radius than most in the literature. Most of the older REE D patterns for plagioclase in the literature are too flat because of insufficient purity of mineral separates or because of analytical problems. New ion probe data for minor and trace elements in anorthite from type B CAls permit detailed comparisons with fractional crystallization models based on the measured D values. For most comparisons, models and observations do not agree for amounts of crystallization less than 90%. It is possible that anorthite does not appear until after 95% crystallization, compared to about 40% which would be expected from isothermal equilibrium crystallization experiments. The LREEs are highly compatible elements in perovskite, but D values drop sharply for the HREEs, Y, and Zr. D values for REEs increase strongly from air to highly reducing conditions as coupled REE-Ti+3 substitutions become possible. Model calculations show that REE patterns in igneous perovskites from CAIs will reflect the D pattern, and the models can explain some REE patterns from compact type A CAIs. However. there are other sets of trace element data for perovskite in CAIs that cannot easily be explained by igneous processes.
INTRODUCTION
IN ADDITION TO -I-HEIR IMPORTANCE as high-temperature materials from the solar nebula, the igneous (type B), coarsegrained, Ca,Al-rich inclusions (CAIs) (e.g., GROSSMAN, 1980) offer a unique opportunity to study the distribution of minor and trace elements in an intact magmatic system which underwent fractional crystallization from a single starting liquid of known bulk composition, crystallization sequence ( STOLPER, 1982) ) and approximately known cooling rate (MACPHERSON et al., 1984; STOLPER and PAQUE, 1986) . Ion microprobe techniques provide the analytical data to exploit this opportunity. Crystal-liquid partition coefficients (D values) are also required. These are available for melilite ( BECKETT et al., 1990; KUEHNER et al., 1989) . The D values required to match measured refractory lithophile element trends in type B fassaite have been calculated by SIMON et al. ( 199 1) . This work provides D values for anorthite and perovskite, and compares crystallization model predictions with analyses of CA1 phases. A considerable literature exists on partitioning of REEs in plagioclase; however, reported D values for a given REE vary by over two orders of magnitude.
The D values at the higher end of this range would indicate that CA1 anorthite is a significant host phase for at least the LREEs. Thus, direct measurements of anorthite D values from CA1 liquids are warranted.
Understanding the igneous behavior of lithophile trace elements in CA1 compositions is also important because it is likely that there are features in the trace element microdistributions which cannot be explained by igneous processes and which, for example, may indicate the nature of relict phases (MURRELL and BURNETT, 1987; WOOLUM et al., 1988; JOHNSON et al., 1988; BURNETT et al., 1990; SIMON et al., 199 1; KENNEDY et al., 199 1) . Knowledge of perovskite D values can aid in distinguishing relict grains from equilibrium crystals for a given inclusion.
Using combined electron and ion probe techniques, we have measured D values for Sr, Y, Zr, La, Sm, and Yb in anorthite and perovskite. We also measured Mg and Ti in anorthite, as well as Mg, Al, and Si in perovskite. Ion probe analyses of anorthite in CAIs were carried out for comparison. Magnesium partitioning in anorthite is of special significance because much of the magnesium isotopic data reported from CAIs has been obtained on this phase.
EXPERIMENTAL
Anorthite is a late-crystallizing phase in CA1 compositions, appearing after spinel, melilite, and either before or after clinopyroxene, depending on bulk composition and cooling rate (STONIER and PAQUE, 1986) . Our 224 bulk composition is based on the late stage liquid composition of STOWER and PAQUE ( 1986) , experiment 222, modified to enhance the fassaitic pyroxene component. Our expectation was that pyroxene would be the liquidus phase, but large (2 100 p) euhedral crystals of anorthite appeared instead. The QPX composition was prepared as a fassaite glass standard for ion probe analysis, based on a Ti-rich fassaite composition from BECKETT ( 1986) . Pe-1507 rovskite was observed to be the liquidus phase, presenting an opportunity for the measurement of perovskite D values. The starting materials were made from reagents: Siq, A1203, MgO, TiOz. and CaC03. The oxides were dried overnight in mullite crucibles at 800°C and the carbonate dried overnight at 140°C. Weighed amounts were put in an agate mortar and ground for 5 h under reagent ethanol. The samples were allowed to dry, then decarbonated by heating at 200°C per h to IOOO"C, where they were kept 24 h. Splits of approximately 300 mg were weighed into Pt tubes, spiked with 0.03 cc of a trace element solution made from reagent SrC03, YzOs, La*O,, Sm,Oj, Yb203, and Zr( N0s)4, degassed in an open tube at 1 lOO"C, fused in a closed tube at 1362"C, and ground in an agate ball mill. The final three steps were then repeated.
Electron microprobe analyses of superliquidus quench samples are given in Table 1, Most crystallization experiments were run with IO-30 mg powder glued with polyvinyl alcohol to Pt wire loops and left to dry overnight. Crystals were grown by fractional crystallization during slow cooling. Short isothermal experiments were used to define the conditions for the slow cooling experiments. Platinum loop experiments were run in air and quenched in water. The QPX-9 experiment was performed at an oxygen fugacity (f,) of IO-" atm at 1375°C using a graphite crucible in pure CO. Run conditions are summarized in Table 2 .
Electron microprobe analytical conditions were optimized for mi- nor element analyses, using the procedures given by KUEHNER et al. ( 1989) . Very low detection limits were obtained; nevertheless, the electron probe analyses for SmZOs and Yb20x in anorthite, nominally loo-250 ppm (at l-3 times detection limits for individual analyses), appear to be high by factors of 2-10 compared to ion probe measurements, and have been rejected. However, ion and electron probe measurements for La203 at 200-500 ppm are consistent (see below). By comparison with the overall data set for incompatible elements, the high electron probe analyses for Sm and Yb cannot be explained by beam scattering or polishing contamination but could reflect continuum secondary fluorescence or systematic errors in background subtraction given the very low peak to background ratios for these measurements.
Ion microprobe analyses were made using a modified AEI IM-20 instrument at the University of Chicago. Techniques are described by HINTON et al. ( 1988) and DAVIS et al. ( I99 I ) . Ion yields [ (secondary ion counting rate)/(unit concentration)(primary ion current)] were measured using a variety of synthetic and natural minerals and glasses. Ion yields for REEs were measured using the same synthetic glasses (DRAKE and WEILL, 1972) commonly used as standards for electron microprobe analysis. Previous experience has shown that the ion yield for Si+ relative to Ca+ varies from 0.38 to 0.52 among common silicate minerals for the energy filtering conditions used. Thus, the ion yield for Si was adjusted for each analysis such that the SiOs contents by ion and electron microprobe agreed. Ion yields for other elements studied here are much less sensitive to matrix effects, so the same ion yields are used for all silicate materials. Each spot was analyzed after burning in with the primary ion beam for 2 min, then collecting data at each mass peak sequentially. For each spot, six cycles through the mass spectrum were made. For each cycle, the count rate at each mass was plotted as a function of time to ensure that the beam remained on a single phase without passing through a boundary or through a tiny inclusion.
RESULTS

Overview of the Anorthite Experiments
Sample 224-8 contains large (hundreds of microns) anorthite crystals, plus glass. Samples 224-9 and 224-10, which were cooled to lower temperatures than 224-8 (Table 2) , contain akermanitic melilite (Ak70-AkSO) in addition to anorthite. The 224-9 and 224-10 samples are much more complex and are not considered in any detail. The anorthite in 224-8 is about An97 because of a small amount of Na contamination of unknown origin. 
Glass Compositions
Only small deviations from homogeneity are observed in the 224-8 glass (Table 3) . No systematic differences in composition were found between points near crystals and those far from crystals. In contrast, the faster cooling rate and greater degree of crystallization of the 224-9 and 224-10 samples (Table 2 ) resulted in liquids at the time of quench which were heterogeneous, especially in 224-10. The variations in composition reflect varying amounts of plagioclase and dkermanite removal from the starting composition for a given volume of liquid.
Comparison of the electron probe data for 224-8 and starting glass compositions yields 20.6 f 0.8% anorthite crystallization where the uncertainty represents the sample standard deviation for nine elements (all except Si and Sr).
Comparison of Electron and Ion Probe Analyses
The 224-8 data permit comparisons between electron and ion probe analysis. Defining A as the percent difference between the electron and ion probe analyses for a given element, the values given in Table 3 show quite satisfactory agreement for the 224-8 glass, with both positive and negative differences being equally probable and with the largest difference (Zr) being + 11%. Composition variations for the minor elements in 224-8 anorthite (discussed below) complicate comparisons, but the same crystals were analyzed by both techniques, and comparisons of average concentrations give reasonable agreement (last column, Table 3 ). The largest differences are for Sr ( + 12% ) and Ti ( -10% ) . Electron probe data at concentration levels greater than about 0.1% are widely accepted as accurate; consequently, electron probe analyses serve as the point of reference. However, at lower concentration levels, e.g.? for Ti and La in anorthite, the precision of the electron probe analyses is probably a factor in the observed differences between the two instruments.
Anorthite Partitioning
Variations due to fractional crystallization
The large counting statistics errors on the electron probe data prohibit strong conclusions, but the precise ion probe data show that the variations of Ti, Y, Zr, and the REEs are far beyond those expected for fractional crystallization. Variations in Mg are much smaller, only discernable in the ion probe data. For a D of I .2 (our m~imum estimate; see below), the observed variations in Sr (4-S% s.d.), although small in absolute terms, are larger than expected ( 1%). The observed variations indicate either that D values varied during crystallization, due to temperature or liquid composition variations, or that interface ~uilib~um was not always maintained.
Interelement correlations
In Fig. 1 b,c Mg and Sr vary by less than 20%; whereas the REEs and Zr vary by over a factor of 2. The overall ranges are similar for the ion and electron probe data. The ion probe data are not affected by micron-sized or larger glass inclusions, as all counting rates for the 224-8 analyses remained uniform while the primary ion beam sputtered into the sample.
Variations in La, Sm, Yb, Yt and Zr in anorthite are larger than expected for fractional crystallization with constant D values but, as illustrated for Zr and La in Fig. la 
Calcularion of Anorthite Partition Co&icients
Ion probe analyses were made in interior regions of two crystals (A and B), at locations intermediate between core and rim. Two ion probe analyses for crystal B are systematically lower for all minor and trace elements than three analyses of crystal A. (This systematic intercrystal difference is not observed in the electron probe data.) Disequilibrium effects will tend to give high D values for incompatible elements (here, all except Sr), and from this point of view the lowest measured concentration should give the best estimates. D values from ion probe data are thus based on the crystal B analyses.
Both the electron and ion probe data refer to relatively small volumes from individual crystals. In order to calculate a D using a single point analysis, the amount of crystallization, F, , for point i must be known. We are not able to calculate Fi exactly but, for samples such as 224-8 with relatively small degrees of crystallization, this is not a major source of error. We estimated F, from the location of the point in the crystal using a central section model which assumes: ( 1) the center of the crystal in the section corresponds to the point of nucleation, (2) the crystal nucleated on the liquidus, and (3) crystal growth is uniform, with the same crystal shape at all stages of growth. With these assumptions, F, = ( r, /R) 3 F,,,,, , where R is the center-rim distance passing through analysis point i, r, is the distance from the center to the analysis point, and F,,,,, is the total amount of crystallization (0.206 for 224-8). Using the locations of the analysis points to obtain r, and R, values of F, were calculated for each. Combining these Fi values with measured crystal (C, ) and initial liquid (C,) concentrations, D values can be calculated for each point: C,/C,=D (l-F,) . (D _ ') The assumptions in the central section model will not be valid in general, but the errors introduced are not important. Average D values calculated from crystal B ion probe data are given in Table 4 . 
Overview of the Perovskite Samples
Although the runs have the same cooling histories (Table  2 ) , perovskite in QPX-8 occurs as tabular, idiomorphic crystals up to 120 pm across, whereas that in QPX-9 has an unusual, cross-shaped morphology.
The latter grains are up to 100 pm across and have rounded edges, unlike those in QPX-8, which are straight and angular. The QPX-9 sample contains small ( 1-10 pm) crystals which, on the basis of texture, could be quench crystals. Electron probe analysis indicates that these are probably Tit3-bearing pyroxenes. The uncertainties in the effects of the pyroxene crystallization on the measured glass composition lead to uncertainties in estimates of the amount of crystallization; our best estimate (from Sm and Ca in glass relative to the starting material) is around 17% pyroxene with about 3% perovskite. If pyroxene and perovskite crystallized more or less simultaneously with a total amount of crystallization equal to 17 + 3 = 20%, perovskite should have been zoned in the highly compatible elements (La and Sm), but this is not observed. Thus, the homogeneity of the QPX-9 perovskite suggests that the bulk of the pyroxene crystallization occurred after perovskite. The amount of perovskite crystallization in the QPX-8 sample is also low ( l-4%) and difficult to measure; we adopt 2%. Fortunately, only minor errors in D values are introduced by the uncertainties in the amounts of crystallization.
Perovskite Partitioning
Although there are variations significantly greater than counting statistics, these are not important because counting statistics errors are small (Table 5 ). Thus, calculation of average compositions for the QPX-8 and QPX-9 samples is justified (Table 5 ). For QPX-8 glass, the analyses show small (maximum 6% for Sm) but systematic composition differences: points near crystals are lower in elements compatible in perovskite. The glass composition away from the crystals is tabulated in Table 5 .
The CaO contents of the synthetic perovskite are well below that of pure CaTi03 (4 1 Table 5 shows that in QPX-8, however, R+3 = 0.0929 and 2Mg + Al = 0.0688. Magnesium and Al do not completely account for the observed REE + Y abundances in QPX-8 perovskite, Table 5 . Electron microprobe analyses of samples QPX-8 and QPX-9. indicating the effect of a third substitution: 2R+3 + 0 5 3Ca+', where 0 represents a Ca-site vacancy. Roughly 1% vacancies in the Ca site are required to balance the observed R+3 abundances.
Cation vacancies in materials with the perovskite structure have been described by SMYTH (1989) .
The low-f& perovskite, QPX-9, has higher R*' contents than QPX-8 perovskite despite lower Al and Mg contents (last column, Table 5 ). This suggests that the coupled substitution R+3 + Ti+3 $ Ca+* + Tit4 is possible at low fo,.
This would explain the low cation total obtained for QPX-9 perovskite when Ti is calculated as Ti+4, as well as the large difference between R+3 (0.148) and 2Mg + Al (0.038). In QPX-9, the amount of trivalent Ti in addition to Al and Mg required to balance the observed R13 content is about 11% of the total Ti. The SrO content of QPX-9 is the same as that of the QPX-8 perovskite (Table 5 ) because Sr substitution is not dependent upon coupled substitutions.
To calculate perovskite D values we treat the measured crystal concentrations
as core values and divide by the initial liquid concentration (D,, Table 6 ). For compatible elements D, will if anything, tend to be slightly low. The true D values will be bracketed between the core values and a measured, apparent D,, obtained by dividing the crystal concentration by the measured concentration in the co-existing glass. For compatible elements these are upper limits to the true Ds, assuming fractional crystallization. Table 6 shows that the differences between D, and D, are small.
DISCUSSION
Anorthite Partitioning
Comparison with previous studies Figure 2 compares our anorthite REE D pattern with literature data for calcic plagioclases. Our REE D patterns, along with those of PHINNEY and MORRISON (1990) for An84 (phenocryst-matrix) or An95 (experimental), define steeper slopes than any of the previous literature patterns. As shown by the shaded region on Fig. 2 , basalt phenocryst-matrix D values for Yb from the literature are up to a factor of 25 higher than ours, most likely because of severe problems in obtaining ultraclean plagioclase separates, as also concluded by PHINNEY and MORRISON ( 1990) . In general, it is likely Table 6 . Perovskite partition coefficients for experiments QPX-8 and QPX-9, determined by electron microprobe.
-QPX-8----QPX-9-air fo* = 10.'6atm However, D values do vary with temperature, crystal composition, and liquid composition.
Relative to the total range indicated by however, our Yb D is the lowest yet reported, a factor of about 5 lower than either the phenocryst-matrix or the experimental values of PHINNEY and MORRISON ( 1990) . These differences are apparently real. For example, PHINNEY and MORRISON ( 1990) predict melt REE patterns for the Bad Vermillion Lake anorthosite, using their D values, which correspond to the range of patterns for basalts contemporaneous with the anorthosites (their Fig. 14 of DRAKE and WEILL ( I975 ) for more sodic plagioclases are much higher, around 0.20, suggesting a significant plagioclase composition effect, possibly controlled by crystal chemistry or by some aspect of liquid composition (e.g., Na/Al) not present in our composition or those of PHINNEY and MORRISON ( 1990; lunar basalt, terrestrial anorthosite) .
As appropriate for CA1 redox conditions, Sr is plotted at the position of divalent Eu on Fig. 2 , although there is some evidence for Sr and Eu fractionation in CAIs . Our Sr D is the lowest value reported for plagioclase, but this is consistent with a factor of 8 decrease in Sr D from Ab to An (SMITH and BROWN, 1988; Fig. 14-24) .
The inverse correlation of Sr D with plagioclase anorthite content has been emphasized by BLUNDY and WOOD ( 199 1) who argue that Sr (and Ba) partitioning in plagioclase is primarily controlled by crystal chemistry. This view has been challenged by MORSE (1992) ( 1975 ) for anorthite from a Na-free lunar basalt bulk composition is only 36% higher than for our CA1 composition.
It is possible that variations due to temperature are canceling those due to bulk composition in this comparison but, taking the 36% difference at face value and comparing it to the overall factor of 8 range, crystal chemistry does appear to be a significant factor in Sr partitioning in plagioclase. PHINNEY and MORRISON ( 1990) report an experimental Mg D of 0.043 for the lunar basalt bulk composition of MCKAY (1982) . LONGHI et al. (1976) found 0.041 for a variety of alkali-free basaltic compositions.
These D values are only slightly higher than ours (0.039; Crystal chemistry could be the dominant factor in determining Sr and LREE partitioning into plagioclase, although we cannot rule out possible canceling effects of temperature and liquid composition.
For the HREE, liquid composition or temperature effects must be invoked to explain differences in Yb D values for highly anorthitic plagioclases.
Comparison with CAI anorthite data
Magnesium and titanium concentrations. Because anorthite is a late phase in CAIs, some understanding of the complete crystallization history is required in order to predict Mg and Ti concentrations in anorthite; however, the task is not as formidable as it might appear at first glance. In fact, these quantitative comparisons are more of an internal consistency check of our understanding of CA1 liquid crystallization than a modeling exercise.
Type B CAIs have cooled at sufficiently high rates to suppress anorthite nucleation relative to pyroxene ( MACPHER-SON et al., 1984; STOLPER and PAQUE, 1986) . Thus, it is necessary to consider disequilibrium crystallization models, but the required data for such models are available. We focus on the well-studied Allende Type B 1 inclusions TS23, TS34, and TS33. Petrographically, these CAIs appear to have had a simple cooling history. Degrees of suppression of pyroxene and anorthite crystallization are parameters for this calculation and will differ among inclusions. Details of the calculations are given in Appendix A.
Figure 3 compares predictions of a standard model (Appendix A) with ion probe measurements of anorthite from inclusions TS23, TS34, and TS33 and with ion and electron probe measurements of Vigarano inclusion 1623-8 (MAC-PHERSON and DAVIS, 1993) . The predicted Mg concentrations on Fig. 3 approach the observed range only for anorthite formed at total amounts of crystallization greater than 90%. In contrast, for F > 90% the calculated anorthite Ti concentrations for the standard models are below the measured val- The standard models assume that only pyroxene and melilite crystallize in stage 3, so the calculated trends on Fig. 3 can be thought of as either representing the composition of trace amounts of anorthite or the composition of the first formed anorthite (core) at the value of F corresponding to the position along the curve. Once anorthite nucleates, calculations (not shown) indicate that subsequent changes in the MgO and TiOz contents in the liquid (and thus in anorthite) are relatively small, reflecting a delicate balance between the removal of MgO and TiOz from the liquid by pyroxene and their increase by anotthite crystallization.
In the standard models, at high F (>90%) the uncrystallized anorthite effectively dilutes the liquid, lowering Mg concentrations in anorthite toward the range observed. For TS34, with only 0.7% anorthite, calculated Mg concentrations in anorthite are always well above observations. Thus, even for high F, there is agreement for Mg only when anorthite nucleation does not occur, i.e., F,, P 95% and then only for TS33. Anorthite from Vig 1623-8 has Mg and Ti contents in the same range as TS23, TS33, and TS34 (also Sr, Y, and REEs); however, this inclusion appears to have experienced remelting after alteration ( MACPHERSON and DAVIS, 1993 ) , and thus has had a more complex history than is inferred for the Allende inclusions considered here.
Focusing on Mg alone, comparison of the standard models for the three inclusions (Fig. 3) shows that predictions are slightly sensitive to modes and to average MgO content in pyroxene (i.e., to bulk composition).
Nevertheless, assuming that the modal and compositional variation of these three inclusions adequately defines the true observational range, it is unlikely that uncertainties in modes or bulk composition can account for the overall disagreement in Mg between calculations and observations. However, if the alteration products, abundant in Allende Type B CAls and assigned to melilite in computing modes ( BECKETT, 1986) , were instead formed primarily from anorthite, this would substantially increase anorthite modes and lead to lower predicted anotthite Mg contents for F close to Fp. This explanation is admittedly speculative and has not been proposed from any petrographic study of CAIs, but it probably cannot be ruled out. RUZICKA and BOYNTON ( 1993) have proposed that anorthite in rims on Vigarano CAIs alters before melilite. Alternatively, it is conceivable that our measured Mg D values are systematically high because ofdisequilibrium effects, accounting for the Mg discrepancies on Fig. 3 . In this case the calculated Ti should also be high, but this is not observed. We consider this alternative unlikely. Finally, differences in Mg D values due to small differences between our 224 composition and those of the actual CAIs cannot be ruled out; however, this would be surprising in view of the similarity of our Mg D values with those of LONCHI et al. ( 1976) 2) The observed Ti contents in anorthite may be high due 3) to disequilibrium effects. Magnesium might be less affected due to more rapid diffusion in the liquid. Melilite trace element contents in these same inclusions appear to be dominated by disequilibrium effects , but it cannot automatically be concluded that disequilibrium effects will dominate anorthite trace element partitioning as well. Very late crystallization of anorthite might occur from liquids with higher Ti concentrations than those calculated with the standard model. For F,, > 95%, Ti concentrations in anorthite might increase, although the cores of anorthite crystals should still have low Ti. In the last 5% of crystallization the evolution of the liquid composition is very different from stage 3. For example, for TS23, 3/ 5 of the last 5% crystallized is anorthite, causing liquid composition trends for Mg and Ti to be dominated by anorthite. For TS33,4/5 ofthe last 5% would be anorthite. Unless effective pyroxene D values for Ti are high (>2.5 for TS23; >5 for TS33), both Mg and Ti concentrations in the liquid would increase. Thus, the last 5% crystallization would be very different from stage 3, where pyroxene crystallization depletes Mg and Ti in the liquid. If both Mg and Ti concentrations increase in the last 5% of crystallization, then the trends shown on Fig. 3 for the standard model for F < 95% will reverse, and the curves will double back on themselves. Increasing Mg in the liquid during anorthite crystallization would also explain a kink in the observed MgO-Ti composition trends in pyroxene at high F (SIMON et al., 199 1; their Fig. 6 ). Negative Ti-REE correlations (discussed below) suggest that Ti in the liquid decreases during anorthite crystallization, in disagreement with alternative ( 3 ).
Alternative (3 ) is also supported by a good Mg-Na correlation for type B CA1 anorthite (Fig. 4) . For a given inclusion the individual analyses presumably refer to different degrees of crystallization of a single liquid. Assuming that the Na is primary (of igneous origin) and that later-crystallizing anorthite has higher Na, the correlation suggests that Mg was increasing in the liquid over the course of anorthite crystallization. (The Na contaminant in 224-8 defines an effective anorthite D of 0.5, and this supports the general expectation that anorthite with higher Na content crystallizes later.) Alternatively, if the Na variations in anorthite are interpreted as reflecting progressive Na loss by volatilization (MAC-PHERSON and DAVIS, 1993), then anorthite with lower Na would have formed later, and MgO in the liquid would be inferred to decrease during anorthite crystallization, opposite to the first alternative. Cathodoluminescence patterns in anorthite from type B CAIs are partially correlated with Na and Mg distributions ( HUTCHEON et al., 1978; MACPHERSON and DAVIS, 1993) . These patterns can be complex (e.g., If the NazO variations represent progressive volatilization, the opposite conclusion about MgO is drawn.
of HUTCHEON et al., 1978) and not easily explained by crystalliquid partitioning.
But, allowing for impinging growth of separately-nucleated crystals, it cannot be safely concluded that the cathodoluminescence data rule out an igneous origin for the Mg distributions in anorthite. Crystallization histories of CAIs are more complex than assumed in our calculations; however, in principle, the deviations of observations from predictions should constrain the processes involved. For example, it may be that our inability to account simultaneously for the Mg and Ti in anorthite by fractional crystallization modeling indicates that some of these concentrations do not reflect igneous processes but, instead, are set by subsolidus re-equilibration with pyroxene or by secondary alteration processes. An alternative possibility is that anorthite crystallization is very late, but this is subject to additional testing from REE, Y, and Sr data. At present it is imprudent to select a preferred alternative.
REE, Y, and Sr Patterns. Here we focus on disequilibrium crystallization models as for Mg and Ti; however, for general reference, we have also calculated what would be expected from the equilibrium crystallization experiments of STOLPER ( 1982) . Details of the calculations are given in Appendix B. Calculated CI-normalized anorthite REE patterns for anorthite are compared with ion probe data in Fig. 5 .
On Fig. 5 , Y is plotted at the position of its ionic radius, and Sr is assumed to be a proxy for divalent Eu. In all cases the patterns are steeply dipping, showing the imprint of the D pattern. The patterns for all models are similar. Figure 5 shows that, to a first approximation, absolute REE concentrations in anorthite depend only on the amount of crystallization (F). The lowest curve on Fig. 5 corresponds to the cores of anorthite crystals formed by the STOLPER ( 1982) crystallization sequence, at F = 37%. On Fig. 5 the highest concentrations are for F = 95%. As the amount of liquid approaches zero (F approaches 100% ), extremely high REE concentrations in anorthite are produced, but these would be found in the outermost rims of grains, which are hard to analyze by any technique, so F = 95% is a reasonable upper bound for comparison with analyses in the interiors of grains. Three different models are shown for F = 95% with variations in the other parameters, but on the log scale of Fig. 5 the differences among these models appear small. The models shown are for inclusion TS34. Results for TS33 and TS23 are similar. The calculated patterns for F = 95% are close to the observed range, although the average observed REE pattern for four type B CAIs lies above the F = 95% models, suggesting very late crystallization of anorthite, in general agreement with petrographic observations (SIMON et al., 1991) . Individual type B CAIs show variations in the enrichment factors from the assumed 17XCI. If these inclusions are assumed to have an average enrichment factor of 25XC1, a good match to the average observed pattern is obtained for F = 90-95%. Bulk chemical data are unavailable for the inclusions studied here. In any case, to the extent that the analyses correspond to cores (i.e., first-formed anorthite), anorthite nucleation appears to have been suppressed until F = 90-95%, agreeing with a possible interpretation (alternative 3) of the Mg data above. This issue is examined further below.
Although the light REE data can be described by models with F,, > 95%, information is considerably subdued in con-
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FIG. 5. Comparison of predicted REE abundances in anorthite with the range (shaded region) and average pattern based on seventeen analysis spots in the four type B CAls from Fig. 3 . To a first approximation REE concentrations depend only on the amount of crystallization (F). Thus, the lowest REE concentrations are for the first anorthite formed at F,, = F = 37% for the STOLPER ( 1982) crystallization sequence, and all patterns for F = 95% are similar, independent of other model parameters. In general any REE patterns lying between that for F = 37% and those for F = 95% are possible. The observed anorthite range and average pattern is close to the F = 95% models, but distinctions are suppressed by the multi-decade log plot.
ventional multi-decade log scale REE pattern plots such as Fig. 5 . Use of La-Sr-Y correlation plots (Figs. 6, 7) is better because these elements are readily fractionated; moreover, the most reliable data are used. On Fig. 6 the data points and model curves define similar concave-downward trends, reflecting the preferential removal of Y relative to La by pyroxene. Lanthanum concentrations depend almost entirely on F, but Y concentrations are also sensitive to the amount of pyroxene crystallization. With F < 95%, calculated La and Y concentration trends (Fig. 6 ) seem low for TS23 and TS34. For F = 85-95%, calculated La concentrations match those for TS33, but Y is low. Calculated concentrations rise rapidly for F > 95%, so at F = 96-97%, the calculated La and Y concentrations for TS34 and TS23 would match observations. The analyses of TS34 show some tendency to lie below the trend of the other data on Fig. 6 . Independent of models, the measured data define a reasonable trend on Fig. 7 ; however, the variations mainly represent systematic differences among inclusions rather than being defined by an individual inclusion. This would contradict an interpretation of the Mg-Ti data in which anorthite crystallization occurred at F > 95% and Ti concentrations in the liquid were increasing for F > 95%. The model calculations show a decreasing trend for F < 95%. The issue is what happens to Ti for F > 95%. A welldefined negative correlation is also observed for Ti and Sr. However, the observed trends result from the juxtaposition of data from different inclusions. A firm conclusion that Ti concentrations in the liquid were decreasing during anorthite crystallization should be based on variations within a given inclusion. There are differences in bulk composition among type B CAIs, and a trend is not necessarily expected among data from different inclusions.
(Compare the various model predictions on Fig. 8 ). Further, there should also be differences in Fp and F,, among inclusions and even within a given inclusion, allowing for independent evolution of different pockets of liquid. All these variations would tend to produce scatter among data from different inclusions. Consequently, it is possible that the TiLa and Ti-Sr trends are only apparent, leaving open the possibility that Ti is increasing in the liquid during the course of anorthite crystallization.
Considering all elements, the modeling can only be rated as mediocre overall, although the models appear relatively successful for the REEs and Sr (Figs. 5-7) ) especially if 25XCI is assumed for the bulk abundances of these elements. Our use of the term modeling is consistent with contemporary practice; nevertheless, it should be emphasized that the input parameters to our calculations are almost entirely based on actual CA1 data. The range of input parameters permitted by the observed data cannot account for major discrepancies between calculations and observations. Thus, the observed discrepancies represent primarily a lack of internal consis- tency in our observational inferences about the igneous history of CAIs, rather than the failure of a series of speculative assumptions.
In this sense the discrepancies are more significant than the failure of yet another model. Subsolidus reequilibration of Mg could be the cause of one discrepancy, but even with this, relatively early anorthite crystallization would be indicated by Ti alone, contradicting the inferences from the REEs and Y (compare Fig. 8) . The best overall interpretation may be that anorthite crystallizes significantly later than pyroxene (Fan 2 95%). This conclusion probably can be more simply inferred from the fact that reverse-zoned rims on melilite are readily observable. If F, and F,, were close, only very thin bands of reverse zoning should occur. Finally, although speculative at this time, secondary alteration effects could be important.
The type B 1 CAIs appear to have remarkable crystallization histories with different phases dominating different stages of the crystallization sequence: spine1 for 0-15% crystallization, melilite for 15 to 60-75%, pyroxene for 60-75 to 95%, and anorthite for the last 5%. The very high concentrations of incompatible trace elements in some pyroxenes (SIMON et al., 199 1) indicate that pyroxene crystallization also occurs in the last 5%, but this does not preclude anorthite being the predominant crystallizing phase.
Perovskite Partitioning
Efects of oxygen figacity
For the REE + Y ( R+3) our perovskite D values increase strongly with decreasing fo, probably due to the presence of trivalent Ti and the coupled substitution: R+3 + Ti+3 ti Ca+' + Ti+4 (see Results section and Table 5 ). The increase is a good example of how, because of coupled substitutions, D values of elements with only one valence state can depend on fo,. This effect is somewhat greater for the HREEs for unknown reasons. The D values at low fo, are the most applicable for CA1 conditions. SMYTH ( 1989) proposes that Al substitution into perovskite occurs via creation of oxide vacancies and that the abundance of such vacancies should be enhanced at low oxygen fugacities. However, our measured Al D is lower at lower oxygen fugacity. The decrease in Al D might reflect competition from the R+3 + Ti+3 mechanism at low fo,. is not given, but a mixture of CaTi03 and Ca-Al-rich pyroxene was used with crystals grown by cooling from 1500" to 1350°C. For ideal solid solution (compare BECKETT et al., 1990) , the REE substitution re- E30   I  I  I  I  I  I  I  I  III  1111 .a,
,,,,l,,lU,,,lllllrlllllllIlllllllllllllllll~~~~'~~'~""~llllllllllllll~,,,ll La Ce Pr Nd Sm Eu Gd Tb Dy HoErTmYbLu Ionic Radius ---) FIG. 9. Measured perovskite partition coefficients from this work for two different oxygen fugacities, compared with previous measurements by RINGWOOD (1975) , NAGASAWA et al. (1980) and KENNEDY et al. ( 1993) . The increase in REE partition coefficient with decreasing oxygen fugacity reflects the opening of a coupled substitution involving trivalent Ti.
Decreasing
action indicates that D values should increase with [Al / (Ti X Ca)]ii,, but this ratio is roughly three times higher for our composition than that of RINGWOOD ( 1975) . No information about oxygen fugacity is given by RINGWOOD ( 1975) but it is extremely unlikely that his conditions were much more reducing than our QPX-9 experiment.
The QPX-9 perovskites are unusual, cross-shaped crystals, possibly indicative of disequilibrium growth, which could make our La and Sm D values low. However, disequilibrium partitioning would result in pronounced zoning for elements with D values as large as those of the LREEs, but the QPX perovskites are remarkably homogeneous.
Also, the change in Al D between QPX-8 and QPX-9 is in the wrong direction to be caused by a greater degree of disequilibrium partitioning in the QPX-9 sample. Thus, there is no simple explanation why our D values should be significantly lower than those of RINGWOOD ( 1975 ) or Of KENNEDY et al. ( 1993 ) . It may be that perovskite D values increase strongly as temperature increases, or are very sensitive to liquid composition differences beyond that indicated by the substitution reaction.
Comparison with perovskite in CAIs
Perovskite is common in CAIs. An important application of our data is to aid in the distinction between igneous perovskites and those formed by high temperature gas-solid equilibria in the solar nebula. In the equilibrium condensation sequence (GROSSMAN, 1972) , perovskite is regarded as the dominant host phase for REEs (GROSSMAN and LARIMER, 1974; KORNACKI and FEGLEY, 1986) , although hibonite must also be considered (DAVIS et al., 1982 ).
An igneous perovskite will tend to be imprinted by the uniform LREE ( La-Sm) enrichment of the D pattern; however, in some cases the effect of perovskite on the REE pattern would be relatively subtle. For example, in an igneous spinelperovskite sample, all REEs would tend to be in perovskite, which on average would show the total rock pattern, assuming spine1 had no REEs. However, spectacular REE zoning would be present in such perovskites if the sample formed by closed system fractional crystallization.
Solid-solid equilibration could obscure a primary igneous or nebular origin. In particular, the equilibration of perovskite with clinopyroxene has the potential for significant REE fractionation,
given the strong preference of clinopyroxene for HREEs over LREEs, the opposite of perovskite. A variety of REE patterns can be obtained, depending on the nature and relative abundances of the partitioning phases. Overall trace element distributions in compact type A inclusions show no evidence for solid-solid equilibration (DAVIS et al., 1990) .
A specific model for a type A composition is illustrated in Fig. 10 , adopting a simplified fractional crystallization history based on BECKETT ( 1986): Stage I: 15% spine1 + 77% melilite crystallization (varying linearly with crystallization from AkO to Ak35); Stage II: 0.7% perovskite + 7% melilite crystallization (Ak35-Ak40).
Melilite D values for REEs from Appendix Table B 1 were used for XA, > Ak12. Below this, the extrapolation to AkO proposed by KUEHNER et al. ( 1989) was used. REED values in spine1 were assumed to be zero. Based on KUEHNER et al. ( 1989) , a constant value of 0.00 15 for the melilite D for Zr was used. For perovskite the QPX-9 D, from Table 6 were used. For missing REEs, D values were interpolated assuming a linear log D vs. ionic radius relation. A bulk composition of 17XCI was assumed.
Prior to the appearance of perovskite, melilite crystallization produces a liquid which is slightly LREE-depleted (Fig.  10) ; nevertheless, the initial, core perovskite has a sizeable LREE enrichment.
If there are CA1 compositions which crystallize pyroxene before perovskite, the LREE enrichments in these cases would be even more enhanced than the core pattern shown in Fig. 10 . With further crystallization, the liquid becomes progressively HREE-enriched, causing late perovskites (rim; Fig. 10 ) to have flat patterns and then become HREE-enriched in the final 1% of crystallization. If pyroxene crystallizes after perovskite (A. El Goresy, pers. commun.) , this would tend to produce flatter REE patterns in the liquid and in later-formed perovskite. Chondrite-normalized REE and Y patterns from single analyses of perovskites from two Allende compact type A inclusions (A. Davis, unpub. data) are compatible with the model curves in Fig.  10 . FAHEY et al. ( 1987) report ion probe data for four different perovskite grains from a type A inclusion which exhibit flat REE patterns with about 1OOOXCI enrichments. Comparison with Fig. 10 shows that, although a chance analysis of a latestage perovskite might yield an approximately flat pattern, ubiquitous flat patterns with 1 OOOXCI enrichments, such as those observed by FAHEY et al. ( 1987) can have patterns which are relatively flat, but the early formed material (CORE in this figure refers to the first perovskite at 92% crystallization) should show a characteristic heavy REE depletion, reflecting the partition coefficient pattern, from which an igneous origin can be discerned. Fig. 10 , 98.6% crystallization must occur to achieve Y enrichments of lOOOXC1, and a large number of perovskites with much lower Y contents would also be present. It is especially difficult for Zr/Y to reach the CI ratio.
As Zr and Y can be super-refractory elements, even relative to Ti, bulk CA1 ratios of Zr/Ti and Y /Ti could be above Cl values. For typical CA1 refractory element enrichment factors of lo-2OXC1, additional enhancements in bulk Y/Ti and Zr/Ti to a factor of 5-10 above CI are required to produce nebular or higher Y and Zr concentrations in cores of igneous perovskites. Consequently, perovskite grains with greater than nebular Zr concentrations and Zr /Y near chondritic are unlikely to be igneous, and these probably do represent super high temperature nebular material. KORNACKI and WOOD ( 1985) proposed that CAIs containing perovskites which have low Zr02 (~0.1%) and YzOs ( ~0.05%) have bulk group II REE patterns, and many of the inclusions studied by KORNACKI and WOOD ( 1985) were independently known to have group II patterns. However, igneous perovskites would also fall into this composition range, and an origin for some of these perovskites by crystallization from a group I liquid cannot be ruled out without further information on the perovskites and coexisting phases.
The description of late-stage melilite crystallization is not critical, especially when the amount of melilite in stage 3 is small. Stage 3 melilite corresponds to the reversed zoning region ( MACPHERSON et al., 1984) . For TS23 we adopt the trend given by MACPHERSON et al. ( 1984, Fig. I b) in which, at the onset of pyroxene crystallization (i.e., when F = F,). the melilite is Ak70, but drops to Ak52 for very late melilit_e. We assume that Ak52 corresponds to 95% crystallization and that Ak varies linearly with F between F, and 95%. These assumptions are uncertain but, as noted above, final results are insensitive to them. For example, calculations with constant Ak = (Ak), in stage 3 show negligible differences from the standard model. Thus, it is sufficiently accurate to adopt the dependence of Ak on F from TS23 for TS34 and TS33. Reversely zoned melilite is observed in TS23 and TS34, but not in TS33, althouah auantitative data are onlv available for TS23. For TS34, (Ak) 3 was scaled by the ratios of the average core Ak for TS34 and TS23 (BECKETT, 1986) . For TS33, (Ak), was taken to be 0.6, but a separate model with 0.5 showed insignificant differences. or not anorthite has crystallized. However, for F > 80% the effect of uncrystallized anorthite, as inert mass in the liquid, becomes noticeable. In the standard models the modal abundance of anorthite is included, but anorthite is assumed not to crystallize. The required variation of pyroxene composition with F cannot be obtained from first principles or from experimental studies to date; however, in principle it is derivable from observed CA1 pyroxene zoning patterns if we assume that the observations include the true crystal core (i.e., the first-formed pyroxene), and if uniform crystal growth can be assumed. With these assumptions, fp(r) = (r/R)'13, where& is the fraction of pyroxene crystallized and r is the position along an electron microprobe traverse in a direction where the distance from the crystal center to edge is R. We used the pyroxene zoning profiles for TS23 and TS34 given by SIMON et al. ( 199 1, Fig. 5 ) along with two additional profiles of TS23, three profiles of TS33, and two additional profiles of TS34. For calculation, the data for each inclusion were fit to a third order polynomial in (r/R). The zoning profiles thus give Ti and MgO contents in pyroxene as a function off,. The relationship between& and F is defined by the crystallization model and the adopted set of modal abundances. For example, the Fp = 60 standard model for TS23 assumesf, = 0 at F = 60%, and uniform crystallization of melilite and pyroxene in 0.838/ 1 proportions between F = 60 and F = 95%. This melilite/pyroxene ratio follows from the choice of Fp and the modes. Thus, combining the model and the zoning data gives MgO in pyroxene as a function of F.
Titanium is a multivalent element in CAIs, and our measured anorthite D values apply only to Ti+". CA1 pyroxenes contain comparable amounts of +3 and +4 Ti (SIMON et al., 1991) . Based on the observed steep drop-off of D with decreasing ionic radius for the trivalent REE, we assume that the Tit3 partition coefficient (03) in anorthite is zero for the standard model, as the ionic radius of Ti+3 is smaller than Lu+j (SHANNON, 1976) . We have also considered models for which D3 = D4. In the standard model we use the Ti02 zoning data (which are calculated separately from TiZ03) to give TiOz in pyroxene as a function of F. Using the TiOz directly observed in pyroxene removes the need to deal explicitly with the issue of Ti valence state equilibration during crystallization; however, the implicit assumption behind this approach is that the Ti02/Tiz03 observed in pyroxene is that present when pyroxene crystallization began. This assumption could be wrong. A better description of observations (Fig.  3) would require an increase in this ratio at high F, but this is opposite to inferences from detailed analysis of pyroxene zoning patterns ( SI- MON~~~GROSSMAN, 1991; SIMON et al., 1992) . Thechoiceofequal D values for the D3 = D4 model is arbitrary, although plausible. An advantage of this choice is that the model can be calculated reliably using measured pyroxene zoning profiles for total Ti (as opposed to Ti02 separately from T&O3 in the standard model). Above, we used the REED pattern for anorthite to argue that D3 might be very small. This will be valid if Ti+' substitutes into the Ca site: however. if Ti+3 can substitute into the tetrahedral site, the D3 = D4 &de1 is plausible.
Many alternatives to the standard model (Fig. 3) have been tested. It is unlikely that reasonable variation of the parameters given in Table 4 were used to interpolate a complete set of anorthite D values, assuming a linear relationship between log D and ionic radius.
One half of the spine1 (Table A 1 ) was assumed to crystallize before melilite, followed in stage 2 by crystallization of the remaining spine1 with melilite in proportions set by the modal abundances (Table A 1) and by the choice of F,. Subsequent to pyroxene crystallization, the same liquid evolution models were used for stage 3 as for Mg and Ti (Table A I ) . With these assumptions, the REE and Sr concentrations in the liquid prior to pyroxene appearance can be calculated. As for the Mg-Ti calculations above, the standard model assumes that anorthite does not nucleate (i.e., the amount of crystallization that has occurred prior to anorthite nucleation, F,. , is greater than 95%). For the type B CAIs in Table Al anorthite is small, thus its crystallization has little effect on the evolution of the trace element composition of the liquid, even for a moderately compatible element such as Sr. The abundance of anorthite is 12%, and F,, = 37% for the STOLPER ( 1982) model. CLnormalized abundances were calculated assuming that bulk type B CAIs have uniform enrichment of refractory lithophile elements at 17XCI.
